Mouse models of neuropsychiatric diseases provide a platform for mechanistic understanding and development of new therapies. We previously demonstrated that knockout of the mouse homolog of CNTNAP2 (contactin-associated protein-like 2), in which mutations cause cortical dysplasia and focal epilepsy (CDFE) syndrome, displays many features that parallel those of the human disorder. Because CDFE has high penetrance for autism spectrum disorder (ASD), we performed an in vivo screen for drugs that ameliorate abnormal social behavior in Cntnap2 mutant mice and found that acute administration of the neuropeptide oxytocin improved social deficits. We found a decrease in the number of oxytocin immunoreactive neurons in the paraventricular nucleus (PVN) of the hypothalamus in mutant mice and an overall decrease in brain oxytocin levels. Administration of a selective melanocortin receptor 4 agonist, which causes endogenous oxytocin release, also acutely rescued the social deficits, an effect blocked by an oxytocin antagonist. We confirmed that oxytocin neurons mediated the behavioral improvement by activating endogenous oxytocin neurons in the paraventricular hypothalamus with Designer Receptors Exclusively Activated by Designer Drugs (DREADD). Last, we showed that chronic early postnatal treatment with oxytocin led to more lasting behavioral recovery and restored oxytocin immunoreactivity in the PVN. These data demonstrate dysregulation of the oxytocin system in Cntnap2 knockout mice and suggest that there may be critical developmental windows for optimal treatment to rectify this deficit.
INTRODUCTION
Autism spectrum disorder (ASD) comprise a continuum of neurodevelopmental disorders characterized by core deficits in social behavior and communication, accompanied by restricted interests and repetitive behaviors (1) . Other non-core symptoms frequently associated with ASD are epilepsy and hyperactivity, as well as sleep, sensory, and gastrointestinal abnormalities (2) . Genetic studies have revealed extraordinary heterogeneity in ASD, predicting hundreds of rare risk genes, none accounting for more than 1% of ASD instances (3) (4) (5) . These findings indicate that the study of rare, but highly penetrant, ASD susceptibility genes is likely to be of significant value. Further, among animal models for ASD, mouse models of monogenic forms of autism have the advantage of large effect size; several monogenic mouse models have high construct and face validity (6, 7) , but few have demonstrated potentially predictive validity for human therapeutics (6, 8) .
We have recently characterized a mouse knockout (KO) for the contactin-associated protein-like 2 (Cntnap2) gene, which is responsible for cortical dysplasia and focal epilepsy (CDFE) syndrome, a recessively inherited disorder in which 70% of affected individuals have ASD (9) . Risperidone, an atypical antipsychotic used to treat irritability and other non-core behaviors in ASD, reduces hyperactivity, motor stereotypies, and perseveration in Cntnap2 KO mice, but has no effect on the core autism behavior of sociability (10) ; these effects are similar to those observed in human patients. This differential efficacy supports the notion that distinct pathways lead to the social and repetitive behavioral deficits in ASD and suggests that this mouse model would be useful for testing new pharmacological treatments. For monogenic and polygenic ASD, no treatment consistently improves social behavior; currently approved pharmacotherapies target repetitive behavior and other non-core phenotypes.
The neuropeptide oxytocin (OXT) is involved in the modulation of various aspects of social behavior (11, 12) . A potential role for OXT in ASD is supported by genetic evidence from multiple investigations (13) (14) (15) (16) (17) (18) (19) , although the power of these studies is limited by small sample sizes. A recent meta-analysis on variation in the OXT receptor with ASD found significant association with four single-nucleotide polymorphisms (20) , but these findings were not genome-wide significant.
OXT is synthesized in two main regions of the hypothalamus, the supraoptic (SON) and paraventricular (PVN) nuclei. OXT-expressing neurons in the SON project mainly to the posterior pituitary and are responsible for OXT release into the peripheral bloodstream (21) , where OXT has well-established neuroendocrine functions (22) . OXT-expressing neurons in the PVN project to several brain regions, including the amygdala, hippocampus, and frontal cortex (23) , where their role in behaviors such as fear, memory, and social behavior has recently been explored (24, 25) . Here, we performed limited in vivo screening for drugs that target social behavior in the Cntnap2 mouse model.
RESULTS
Oxytocin treatment rescues social behavior in Cntnap2 KO mice To search for a drug that could improve social behavior in ASD, we performed a limited, acute in vivo drug screen using five compounds that target molecular mechanisms putatively related to social behavior in Cntnap2 KO mice and wildtype littermates using average doses selected from the literature (table S1). Groups consisted of juvenile (4 to 6 weeks old) mice, half male and half female. Preliminary analysis did not detect any sexual dimorphism in the response to treatment, so both sexes were analyzed as a single group, and equal numbers of males and females were used in all subsequent testing. Individual raw data for each experiment are shown in tables S2 to S21. Drugs were administered by intraperitoneal injection as an acute single dose, and mice were tested 20 to 30 min after administration with the reciprocal social interaction test. In this test, the time spent in social interaction by a pair of unfamiliar mice, matched for genotype, sex, age, and treatment, is measured (26) . The reported time represents the combination of the behavior of the two animals within a pair. Analysis of the effect of treatment and genotype on social behavior by two-way analysis of variance (ANOVA) revealed a significant main effect of treatment (F 5,60 = 4.13, P = 0.0027) and a genotype-treatment interaction that was not significant (F 5,60 = 2.23, P = 0.0627). Pairwise comparisons to the vehicle-treated control (Dunnett's test) within genotypes revealed that Cntnap2 mutant, but not wild-type mice, treated with the neuropeptides OXT and arginine vasopressin (AVP), showed improvements in juvenile social interaction (P = 0.03 and P = 0.04, respectively) (Fig. 1A) . We confirmed this change in social behavior in an independent experiment with the widely used social approach (three-chamber) test performed in young adult mice at 6 to 8 weeks of age (Fig. 1B) . In this test, mice are given the choice to interact with either an empty cup or a similar cup containing an unfamiliar stimulus mouse, matched for age and sex. The amount of time interacting with each cup is compared as a measurement of sociability, where normal sociability is defined as spending significantly more time interacting with the cup containing the mouse than with the empty cup (27, 28) . Vehicletreated wild-type mice showed normal sociability (P = 0.01), preferring to spend time interacting with the cup containing the other mouse; this pattern was not changed upon OXT treatment (P = 0.02). Cntnap2 mutant mice, which at baseline showed no significant preference to interact with the cup containing the mouse over the empty cup (P = 0.13) (indicating a lack of sociability), strongly preferred to interact with the cup containing the mouse when treated with OXT (P = 0.03), but not with AVP (P = 0.06). Although neuropeptides may cross the blood-brain barrier and reach the central nervous system, intranasal administration is a preferred way to target peptides to the brain without a need for invasive procedures (29) . We therefore conducted an independent experiment in which we administered OXT or AVP intranasally and tested Cntnap2 mutant mice for improvements in social behavior with the juvenile reciprocal social interaction test. Similar to what we found when the peptides were administered intraperitoneally, two-way ANOVA revealed a significant effect of treatment (F 2,42 = 21.08, P < 0.0001) and a treatmentgenotype interaction (F 2,42 = 17.01, P < 0.0001). Pairwise comparisons to the control within genotypes showed that when administered intranasally, these neuropeptides have a similar or slightly larger effect (Dunnett's test; P < 0.0001 in both cases) on social behavior than when they are administered intraperitoneally to the Cntnap2 mutant mice (Fig. 1C) .
OXT and AVP are closely related nonapeptides that share high sequence and structure homology, differing only at residues 3 and 8. Although only one receptor exists for OXT in mammals, there are three different receptors for AVP: V1a, V1b, and V2, the V1a receptor being the predominant form in brain (11) . AVP can bind and activate the OXT receptor. To better characterize the pathway implicated in the improvement in social behavior by both peptides, we blocked the peptide receptors before administering the drugs. We treated Cntnap2 mutant juvenile animals (4 to 6 weeks old) with either an OXT receptor antagonist (L371,257) or an AVP-V1a receptor antagonist (relcovaptan), followed by either OXT or AVP, and performed behavioral tests 20 min after the agonist dose (Fig. 1D) . One-way ANOVA revealed a significant effect of treatment on social behavior (F 5,41 = 22.02, P < 0.0001). Post hoc analysis with Bonferroni correction for multiple comparisons showed that the behavioral improvement seen with OXT was abolished when the OXT receptor was blocked (P < 0.0001). In contrast, the behavioral effect of AVP was not abolished after AVP-V1a receptor block, but was eliminated by OXT receptor block (P < 0.0001). Although we cannot eliminate a minor contribution of the AVP system, these data suggest that the observed effect is mainly due to activation of the OXT receptor.
We performed additional behavioral tests to determine whether the improved social behavior seen in these animals upon OXT treatment was accompanied by other behavioral improvements. None of the other previously reported behavioral deficits, including hyperactivity, increased repetitive behavior, increased perseveration, and hypersensitivity to sensory stimuli, were rescued by administration of OXT ( fig. S1 ). These data indicate that the behavioral effect of OXT administration seems restricted to the social behavior domain.
One potential limitation of OXT as a treatment for disorders of social cognition is its short half-life, proposed to be about 20 min in mammalian brain (30) . Therefore, we assessed the time course of the OXT effect on social behavior with the reciprocal social interaction test, observing that the behavioral effect of a single intranasal treatment lasted for about 2 hours (P < 0.0001) in Cntnap2 mice (Fig. 1E , oneway ANOVA of the time effect on treatment response, F 4,35 = 23.16, P < 0.0001, followed by Bonferroni post hoc test). This result is in accordance with a recent microdialysis study in which a single intranasal administration of OXT resulted in elevated brain OXT concentrations that lasted for about 90 min (31) . It is also similar to behavioral effects on newborn macaques, in which OXT was correlated with increased social behavior 2 hours, but not 4 hours, after administration (32) , and in neurotypical human volunteers and clinical studies (33) , where behavioral testing was performed about 60 min after administration.
To extend our pharmacological results and explore the role of the endogenous OXT system, we took advantage of an emerging literature demonstrating that OXT neurons express a variety of receptors that can be pharmacologically targeted to stimulate endogenous OXT release, specifically the melanocortin and serotonin receptors. The melanocortin 4 receptor (MC4R) colocalizes with OXT neurons in the PVN (34) . Stimulation of these receptors activates PVN OXT neurons in mice (35) , induces central, but not peripheral, OXT release in rats (36) , and promotes partner preference in voles (37) . We treated wild-type and mutant mice with a selective MC4R agonist, Ro27-3225 (38) , and tested its effect in a reciprocal social interaction test 30 min after treatment. Two-way ANOVA detected a genotype-treatment interaction (F 1,20 = 4.87, P = 0.04), and pairwise comparisons to the vehicle-treated control (Dunnett's test) within genotypes showed that Ro27-3225 led to improvement (P = 0.02) in social behavior in the Cntnap2 mouse ( Fig. 2A) . The behavioral effect of this drug was eliminated when the OXT receptor was blocked 15 min before administration (Fig. 2B , one-way ANOVA, F 2,18 = 14.60, P < 0.0001, followed by Bonferroni post hoc test P < 0.0001), indicating that the effect is mediated through OXT release.
Cntnap2 KO mice show reduced number of OXT-expressing neurons The improvement in social behavior upon OXT treatment was restricted to Cntnap2 mutant mice and was not observed in wild-type littermates ( Fig. 1 , A and C). This sensitivity to OXT in the mutant mice led us to hypothesize that the OXT system might itself be abnormal in Cntnap2 KO mice. Expression of Cntnap2 (Caspr2) has been conventionally associated with pyramidal excitatory neurons, a result of its well-established role in anchoring K + channels at the nodes of Ranvier in myelinated axons (39) . Cntnap2 mRNA is also expressed in migrating GABAergic interneurons, where its function is still to be determined (10) . In situ hybridization data from the Allen Mouse Brain Atlas ISH (in situ hybridization) database show that Cntnap2 is strongly expressed in the hypothalamic PVN, where OXT neurons are clustered; we found by immunohistochemistry (IHC) that it is coexpressed in a subset of OXT-expressing neurons ( fig. S2 ) in this region, suggesting a potential role for Cntnap2 in the development or function of these diencephalic neurons.
To characterize the oxytocinergic system, we analyzed the number of OXT-expressing cells in the PVN of the hypothalamus at postnatal day 30 (P30), when the system is fully developed, and found that Cntnap2 mutant mice have reduced numbers of OXT immunoreactive neurons compared to wild-type littermates (Fig. 3 , A and B) (Student's t test, P = 0.03). To confirm this deficit, we measured OXT levels in whole-brain extracts by radioimmunoassay (RIA) and also found a significant reduction in OXT levels (Fig. 3C , Student's t test, P = 0.01). To determine whether this reduction was a result of fewer neurons (via death or development) or a lack of expression of the peptide within neurons, we counted the total number of neurons in the PVN and found no differences in the total number of neurons or in the total PVN area analyzed ( fig. S3, A and B) , indicating that it is OXT expression within neurons and not the number of neurons that is reduced. Because OXT and AVP neurons constitute most of PVN neurons, we also analyzed the number of AVP-expressing cells and found no difference between KO and wild-type mice ( fig. S4 ).
Early postnatal subchronic administration of OXT has long-lasting behavioral effects OXT is first detected by IHC during early postnatal life in rodents, gradually increasing in abundance from P7 until about weaning age (P21), when the system is considered fully developed (40, 41) . Consistent with this trajectory, we found many fewer OXT immunoreactive cells at P7 than at P30, and no differences between wild-type and KO mice at P7 (Fig. 4, A and B) . The postnatal development of the OXT system suggests that OXT production may be especially vulnerable to early life manipulations. Both environmental (42, 43) and pharmacological (41, 44, 45) manipulations during early postnatal life affect the central OXT system, as well as social behaviors, during adult life. In the prairie vole, a species widely used to study affiliative behavior such as pair bonding, a single intraperitoneal administration of OXT on P1 increases OXT immunoreactivity in the PVN at P21 (41) and strengthens partner preference at P60 (44, 45) . To test whether early postnatal OXT treatment affects social behavior in Cntnap2 mice, we treated wild-type and KO littermates with daily intranasal administration of either saline or OXT from P7 to P21 and tested them 9 days later, at P30, with a social approach (three-chamber) test. We found that, as expected, saline-treated Cntnap2 KO mice showed a lack of normal social interest, displaying no preference for the cup containing a mouse over the empty cup. In contrast, mice receiving daily postnatal OXT administration showed normal social behavior more than 1 week after cessation of the treatment (paired Student's t test, P = 0.004). Also, as expected, the normal sociability in wild-type littermates was unchanged (Fig. 5A) . We confirmed the behavioral improvement in a second cohort of KO mice using the reciprocal social interaction test (Student's t test, P < 0.001), performed again at P30 (Fig. 5B) . To test whether this improvement in social behavior correlated with an increase in endogenous OXT expression, we measured OXT levels in whole-brain extracts in these same animals and found that Cntnap2 KO mice treated with OXT indeed showed a significant increase (Student's t test, P = 0.02) in endogenous OXT levels (Fig. 5C ) relative to untreated KO mice. In addition, this increase in central OXT was correlated with an increased number of OXT immunoreactive neurons in the PVN of mutant mice (Student's t test, P = 0.005), which were rescued to nearly wild-type numbers by the postnatal OXT treatment regimen (Fig. 5, D and E) . These data suggest that there may be an early developmental window during which treatment can achieve longer-lasting improvements in social behavior.
Stimulation of endogenous OXT neurons in the PVN rescues social behavior To combine the pharmacological evidence for OXT modulation of social behavior with physiological data and directly test the hypothesis that PVN OXT neurons mediate the behavioral effects, we assessed whether activation of endogenous OXT release is sufficient for improving social behavior in Cntnap2 mutant mice using DREADD (Designer Receptors Exclusively Activated by Designer Drugs) technology (46) . We expressed a modified muscarinic acetylcholine receptor tagged with the fluorescent marker mCherry (hM3Dq-mCherry), which is exclusively activated by the otherwise inert ligand clozapine N-oxide (CNO), in OXT cells in the PVN by means of stereotaxic AAV2 injection. We restricted hM3Dq-mCherry expression to OXT cells by driving the expression with the OXT promoter (Fig. 6, A and B) . Wholecell, current-clamp recordings were performed in mCherry-expressing PVN neurons to confirm receptor efficiency in depolarizing OXT cells. When added to the bath, CNO (5 mM) depolarized and markedly increased the firing rate of OXT neurons (Fig. 6C) . Next, we examined the behavioral effect of hM3Dq-mCherry activation in OXT cells. Thirty minutes after acute in vivo intraperitoneal administration of CNO (5 mg/kg), we observed normal social interest in the social approach (three-chamber) test in Cntnap2 mice (paired Student's t test, P = 0.001), whereas vehicle-treated animals showed no preference for the cup containing the mouse. No CNO effect was seen on the normal sociability of wild-type animals (Fig. 6D) , consistent with our previous findings using exogenous OXT administration.
DISCUSSION
Effective pharmacological treatments for social deficits in ASD are needed. The OXT system is a key mediator of social behavior in mammals, including humans, in many contexts such as maternal behavior, mother-infant bonding, social memory/recognition, and pair bonding (12, 47) . Mice with a genetically altered OXT system-such as KO mice for the OXT gene, the OXT receptor gene, or CD38 (a gene involved in OXT release)-all show social deficits that are restored upon OXT administration (37) , and OXT is required for the rewarding properties of social stimuli in mice (48) . In addition, OXT administration improves sociability in inbred mouse strains with naturally occurring lower sociability such as BALB/cByJ and C58/J (49). Thus, there is growing exploration of OXT's potential for therapeutic efficacy in ASD, with some studies showing a neurobiological evidence of mitigation of some aspects of social deficits in ASD (50, 51) . Given the etiological heterogeneity of ASD, a key issue is whether there are actual deficits in this system in some specific genetic forms of ASD because identifying which patients could potentially benefit the most from OXT treatment is critical (52) . Studies addressing peripheral OXT levels in individuals with ASD have found both lower (53, 54) and higher (55, 56) values. Green et al. (57) reported lower levels of the peptide but higher levels of its precursor, suggesting a potential abnormality in its processing. shown for WT and KO mice at P30 treated early with vehicle or OXT (n = 10 to 14 mice per group). Paired Student's t test comparing "mouse" to "empty" within each group as a measure of sociability, WT saline P = 0.006 (n = 10, 4M-6F), WT OXT P = 0.006 (n = 14, 8M-6F), KO saline P = 0.3 (n = 12, 6M-6F), KO OXT P = 0.004 (n = 13, 6M-7F). (B) Reciprocal social interaction test shown in pairs of KO mice at P30 treated early with saline or with OXT (n = 7 and 8 pairs of mice, 4M-3/4F, respectively). Student's t test, P < 0.001. (C) Quantification, as detected by RIA, of OXT levels in whole-brain extracts for KO mice treated with saline or OXT at P30 (n = 6, 3M-3F; n = 8, 4M-4F, respectively). This apparent lack of consistency is not surprising because dysfunction in the OXT system can happen at different points in its regulation. Both the hormone itself (its synthesis, processing, storage, and release) and its receptor could be affected in pathological states. Although dysfunction in the OXT system is potentially associated with some forms of ASD, OXT has not yet emerged as a biomarker for disorders involving social cognition. Parker et al. (58) have recently shown that both OXT plasma concentration and OXTR (OXT receptor) polymorphisms affect individual differences in social functioning both in ASD and normal populations.
Here, we show in a validated mouse model of a monogenic form of ASD a clear reduction in OXT expression in the PVN of the hypothalamus, which is correlated with reduced OXT levels in brain extracts. Further, we demonstrate through multiple pharmacologic means that acute OXT treatment can rescue the observed social deficits in this mouse model. The effect lasts about 2 hours, similar to results in a recent study of newborn macaques, in which OXT was correlated with increased social behavior 2 hours, but not 4 hours, after administration (32) . A similar time course is observed in multiple tasks performed by neurotypical human volunteers and in clinical studies (33) , where behavioral testing was performed 60 min, or more, after administration. The long-lasting behavioral effect of a single dose, despite the short halflife of the peptide, has been proposed to be a result of its well-characterized self-priming process, in which OXT stimulates its own release in a positive feedback loop, presumably through activation of its own receptor (30) . We also used an alternate pharmacophysiological approach, DREADD, to confirm that activation of PVN OXT neurons is sufficient to rescue the behavioral deficit, confirming the role of PVN OXT neurons in mediating the observed changes in social behavior with treatment in the KO mouse. This further suggested that drugs that induce endogenous OXT release would likely improve social behavior in this model. We observed that stimulation of MC4R, which activates PVN OXT neurons in mice (35) and induces central OXT release (36) , also improved social behavior. There are a number of receptors on OXT neurons that could be targeted to induce OXT release (37) . The further study of these receptors and the circuits in which they are implicated will help to develop therapeutic approaches based on manipulating this system.
Finally, we demonstrate that there may be an early developmental window that permits achievement of longer-lasting effects on symptoms, which suggests that early childhood treatment protocols could be relevant to some patients. Pharmacological manipulation of the OXT system during early postnatal life affects peptide levels and behavioral outcomes in adult rodents. Hammock and Levitt (59) have recently shown that neocortical OXT receptor binding in mice, similar to other rodents, shows a transient peak during early postnatal life, the period of major synaptic wiring and pruning, a result that could explain why this is a sensitive period for OXT in shaping neuronal circuits that ultimately mediate behavior. In prairie voles, a species widely used to study social behavior in the context of pair bonding, a single postnatal administration of OXT at P1 increases OXT in the hypothalamic PVN at weaning (41) and facilitates partner preference and alloparental care in young adulthood (44) . Repeated OXT treatments during the first postnatal week increase the number of isolation-induced ultrasonic vocalizations (60), a measure of social vocal communication. In addition, daily neonatal treatment during this first week of life with a selective MC4R agonist promotes adult partner preference (61) . Similarly, in mice, a single postnatal administration of OXT at P1 facilitated alloparental care and social approach in adulthood, whereas administration of an OXT antagonist produced the opposite effect (62) and subchronic OXT treatment in juvenile rats had long-lasting effects on social behavior, which was accompanied by increased plasma OXT concentrations (63) . Although some of these studies used only male subjects (44, 63) , others using both sexes found sexual dimorphism in their results, where treatment affected only males (62) , only females (41, 60), or both (61) . We found that a daily dose of OXT between P7 and P21 yielded effects on social behavior and increased peptide levels in brain extracts when analyzed 9 days later at P30 in both sexes. We attribute our results to our study of a monogenic, major gene model of ASD. It remains to be determined whether this change is permanent and whether this plasticity is present beyond early childhood.
Neuropeptides such as OXT contribute to network activity by modulating the effect of classical excitatory and inhibitory neurotransmitters. OXT stimulates fast-spiking parvalbumin interneuron activity, modulating circuit signal-to-noise ratio and improving information processing (64) . Parvalbumin interneurons regulate network activity (65), and their dysfunction has been implicated in ASD. We previously found that the Cntnap2 mouse shows deficits in GABAergic interneurons (10) , and OXT receptor null mice have fewer GABAergic synapses (66) . It is therefore possible that OXT compensates for GABAergic deficits in this mouse model. Although GABA (g-aminobutyric acid) is inhibitory in adult brain, it is excitatory during fetal and early postnatal periods, and OXT is involved in its perinatal excitatory to inhibitory shift by reducing intracellular chloride levels (67) . This process is altered in the Fmr1 KO mouse, a model for fragile X syndrome, which also shows a reduced number of GABAergic interneurons (68, 69) ; preliminary results in the Fmr1 KO suggest reduced OXT immunoreactivity in the PVN (70) . Recent studies have reported effects of intranasal OXT in patients with fragile X syndrome, describing an improvement in eye gaze frequency during a social task, which suggests that OXT could be a potential treatment for social anxiety in this syndrome (71) .
Our work opens an avenue for investigation of the precise molecular mechanisms of the effects of Cntnap2 deletion on OXT neuron development. One possibility is that CNTNAP2, as a cell adhesion molecule, affects OXT neuron function through its well-established role in neuronglia interaction (39) . CNTNAP2 is expressed in OXT neurons, whose development and function depend on dynamic neuron-glia interactions (72) . Alternatively, CNTNAP2 could be involved in the structural development of OXT neurons: Anderson et al. (73) have recently shown that CNTNAP2 has a role in neurite outgrowth, which is important for the proper development of neuronal circuits. In addition to studying molecular mechanisms, our model allows exploration of potential critical periods for OXT-induced behavioral effects, as well as potential effects on the seizure phenotype via GABA modulation (65) .
A limitation of our study is that it does not determine which aspects of social behavior are affected by OXT. The standard behavioral tests do not distinguish among various forms of social approach or interaction. Further refinement of social testing after OXT or other treatments will be informative, as will the development of more naturalistic social testing. In addition, our results show OXT deficits in a single, specific genetic form of ASD, and the generality of the result is not known. Studying OXT in other defined genetic forms of ASD will be of value. A key goal remains to discern which forms of ASD show a direct or indirect dysregulation of this system because we suspect that these patients are the most likely to benefit from treatment with OXT. Such data, as well as a better understanding of optimal treatment timing, will be useful in designing more informed clinical trials.
MATERIALS AND METHODS

Study design
The main goal of this study was to explore the potential of different drugs to restore abnormal social behavior in the Cntnap2 mouse model of ASD, which was measured as the time spent in social interaction with two different tests commonly used to assess social behavior in mouse models of ASD. A sample size of at least six mice per group was used for all behavioral testing, three to four mice per group were used for neuronal counting, and six to eight mice per group were used for biochemical studies. Exact numbers for each experiment are included in the figure legends. All groups consisted of half males and half females and were always matched among compared groups. Data collection was performed as described in the literature, and no exclusion criteria were applied. All analyses were performed blinded to genotype and/or treatment. For drug treatments, animals were randomly assigned to treatment. No outliers were taken into account, and all collected data were used in statistical analyses.
Mice
Mutant mice lacking the Cntnap2 gene (Caspr2 null mice) were obtained from E. Peles (39) and backcrossed to the C57BL/6J background for over 12 generations. Experimental Cntnap2 mutant and wild-type mice were obtained from heterozygous crossings. The day of birth was designated as P0. The three obtained genotypes were housed together, with three to four same-sex mice per cage. They were kept in 12-hour light/12-hour dark cycle and had ad libitum access to food and water. All procedures involving animals were performed in accordance with the University of California, Los Angeles (UCLA) and the Weizmann Institute of Science animal research committee, and the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Immunohistochemistry
Mice were deeply anesthetized with Pentasol (sodium pentobarbital, 40 mg/kg body weight) and perfused intracardially, first with phosphatebuffered saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS. The brains were removed, postfixed overnight in the same fixative, and cryoprotected by immersion in 30% sucrose in PBS for 3 to 5 days. Brains were embedded in optimum cutting temperature (OCT) compound, sectioned at a thickness of 50 mm on a cryostat, and used for free-floating IHC using standard fluorescence or avidin-biotin complex (ABC) methods (Vector Labs). Incubations with primary antibodies were performed overnight at 4°C and with secondary antibodies for 90 min at room temperature. For primary antibodies, we used rabbit anti-OXT (1:2000, ImmunoStar) and rabbit anti-AVP (1:2000, ImmunoStar). Appropriate secondary antibodies were either from the Alexa Fluor series from Invitrogen for fluorescence or from the biotinylated antibodies from Vector Labs. Images were acquired with a Zeiss LSM 510 laser scanning confocal microscope (fluorescence) or an Olympus BX51 microscope (brightfield).
X-galactosidase staining
Brains were obtained from 4% PFA-perfused mice and were subsequently cryoprotected in 30% sucrose in PBS overnight. Tissues were embedded in OCT compound (Tissue-Tek) and frozen on dry ice. Coronal sections (14 mm thick) were prepared with a cryostat. Staining was done with X-galactosidase (1 mg/ml) (Sigma) in 20 mM tris (pH 7.3), 5 mM ferricyanide, 5 mM ferrocyanide, 0.01% sodium deoxycholate, 0.02% NP-40, and 2 mM MgCl 2 in PBS overnight at 37°C.
Stereological analyses
Stereological analyses in the PVN were conducted as described (74) with minor modifications. Briefly, the PVN region defined by OXT or AVP staining was outlined bilaterally on live computer image using a 5× objective. The Stereo Investigator V10.42.1 software (MicroBrightField Inc.) placed a systematic random sampling grid (70 × 70 mm) within the selected area, giving ∼10 counting frames per area. A total of six to seven serial sections with periodicity n = 2 from each brain were counted bilaterally with a 40× objective to achieve optimal optical sectioning. For Nissl-stained cells, a double-staining OXT/Nissl was performed, the PVN area delimited by OXT staining was outlined, and Nissl-positive cells were counted with a 25 × 25-mm counting frame and a 100× oil immersion objective. The final postprocessing thickness of the sections was 11 mm on average, so the counting frame height was kept at 9 mm for all sections studied to keep a 1-mm guard zone. The optical fractionator was used to estimate the total number of cells in the region of interest. The coefficient of error (Gundersen, m = 1) was 0.1 or less for all samples. All counts were made by the same investigator, who was blinded to the genotype/treatment of the mice.
Radioimmunoassay
To measure whole-brain OXT, mice were anesthetized with isoflurane and decapitated. The brain tissue was homogenized at room temperature in 10 ml of 1 N acetic acid using a Kinematika POLYTRON for 30 s at level 5. Samples were centrifuged at 1000g for 60 min at 4°C, and 7 ml of the resulting homogenate was neutralized with 1.2 ml of 5 N NaOH, 1.4 ml of 1 M Na 2 HPO 4 , and 0.4 ml of H 2 O, and centrifuged at 15,000g for 60 min at 4°C. Samples were stored at −80°C until measured. The OXT RIA from Phoenix Pharmaceuticals Inc. was used as follows: the solid phase of the RIA was prepared by adding 50 ml of protein A solution dissolved in NaHCO 3 (pH 9) into 96-well flatbottomed microtiter plates (Thermo Fisher) and incubated overnight at 40°C. The protein A solution was dumped, and the plate washed three times with wash buffer [0.15 M K 2 HPO 4 , 0.2 mM C 6 H 8 O 6 , 0.1% gelatin, 0.1% Tween (pH 7.4)]. After the washes, 25 ml of antibody was added to each well and incubated for 4 hours at room temperature, after which the antibody solution was dumped and the plate washed three times. The standard (0.25 to 12.5 fmol) and samples were loaded in the volume of 25 ml per well and incubated for 24 hours at 40°C, and 10 ml of 5000 cpm 125 I OXT was added to each well and incubated overnight at 40°C. The plate was washed three times, 100 ml of MicroScint-20 (PerkinElmer) was added to each well, and the plate was counted for 4 min with a microplate scintillation counter (Packard).
Recombinant adeno-associated virus construction
We used a vector expressing a modified muscarinic receptor fused to the fluorescent protein mCherry (Addgene) [pAAV-hSyn-DIO-hM3D (Gq)-mCherry, plasmid #44361]. To drive the expression of the transgene from the OXT promoter, we first carried out in vitro Cre recombination to flip and remove the loxP sites in this construct and later exchanged the human synapsin promoter for a mouse OXT promoter consisting of 1 kb directly upstream of exon 1 of the OXT gene, which is sufficient to induce cell type-specific expression in OXT cells (75) . The final plasmid was sent to the University of Pennsylvania Vector Core for custom AAV (adeno-associated virus) production (serotype 2).
Stereotaxic injection
Stereotaxic injections of 500 nl of an rAAV (recombinant adeno-associated virus) titer of ∼10 10 vector genome/ml were performed bilaterally in the PVN of the hypothalamus according to the following coordinates from bregma based on the Allen Brain Atlas: anteroposterior, −0.70 mm; dorsoventral, −5.20 mm; lateral, ±0.30 mm. Injections were performed at a rate of 100 nl/min with a glass micropipette (50-mm tip diameter) using a Nanoliter 2000 microinjection system [World Precision Instruments (WPI)] attached to a Micro4 pump (WPI). Behavioral and electrophysiological studies were performed 3 weeks after injections. The detailed method of stereotaxic injections can be found in (76) .
Electrophysiological experiments
In vitro slice recordings were performed 3 weeks after injection of the rAAV into the PVN. Briefly, mice were deeply anesthetized with isofluorane and beheaded. The brain was removed and set for cutting at a thickness of 300 mm on a Leica VT1000 S vibratome, while bathed in an ice-cold sucrose-based dissection solution containing 222 mM sucrose, 11 mM D-glucose, 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 3 mM KCl, 7 mM MgCl 2 , 0.5 mM CaCl 2 , aerated with 95% O 2 , 5% CO 2 . Slices containing the PVN were then allowed to recover for 30 min at 37°C in artificial cerebrospinal fluid (aCSF) containing 124 mM NaCl, 2.5 mM KCl, 26 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 10 mM D-glucose, 4 mM sucrose, 2.5 mM CaCl 2 , 2 mM MgCl 2 , aerated with 95% O 2 , 5% CO 2 , and subsequently transferred to room temperature until time of recording. The recording rig was continually perfused with aCSF, maintained at 32°to 34°C. Whole-cell recordings of PVN neurons were made in currentclamp mode, using a MultiClamp (Molecular Devices) patch-clamp amplifier. mCherry-positive neurons were identified via fluorescence microscopy, under visual guidance of differential interference contrast (DIC) optics with an Olympus BX51 microscope. Patch pipettes of 3 to 5 megohms were used, and filled with internal solution containing 115 mM potassium gluconate, 20 mM KCl, 10 mM Hepes, 10 mM phosphocreatine, 4 mM ATP (adenosine 5′-triphosphate)-Mg, and 0.3 mM GTP (guanosine 5′-triphosphate). Access resistance was less than 25 ohms and fully compensated in current-clamp mode. For pharmacological stimulation, 5 mM CNO (Sigma) was included in the aCSF bath perfusion. Neuronal responses were acquired and visualized with WinEDR (Strathclyde Electrophysiology Software).
Behavioral tests
Behavioral tests were performed in the UCLA behavioral test core and analyzed with the TopScan (CleverSys Inc.) automated system or by two independent experimenters blinded to genotype and treatment.
Open field
Mice were placed inside a clear Plexiglas arena (27.5 cm × 27.5 cm) for 20 min, and their general activity (distance traveled and velocity) was recorded. Results were analyzed with TopScan software (Clever Sys Inc.).
Reciprocal social interaction
Mice were placed in a cage to which they had been previously habituated (for 10 min) with an unfamiliar mouse matched in age, genotype, and sex for 10 min. Both mice in the pair were treated either with the same drug or with vehicle. The time engaged in social interaction (nose-to-nose sniffing, nose-to-anus sniffing, and following or crawling on/under each other) for the pair (combining the behavior of both animals) was measured by two independent human observers (26) .
Social approach (three-chamber) test
The social approach test was performed as described (26) . In brief, after 10 min of habituation, a mouse was placed in the central chamber of a clear Plexiglas box divided into three interconnected chambers and was given the choice to interact with either an empty wire cup (located in one side chamber) or a similar wire cup with an unfamiliar mouse inside (located in the opposite chamber), which was matched in age and sex. Time interacting with each cup was measured by two independent observers.
Drug administration
All drugs administered, dose used, and method of administration are summarized in table S1. All drugs were obtained from Sigma-Aldrich, except the OXT (L371,257) and AVP (relcovaptan) receptor antagonists, which were obtained from Tocris Bioscience. Doses were selected as an average found in the literature for these compounds. For the initial drug screening, as well as for the receptor blocking experiments, all drugs were dissolved in 10% dimethyl sulfoxide in PBS, so that they all had the same vehicle control. For subsequent experiments, drugs were dissolved in saline. For intraperitoneal administration, drugs were administered in a volume of 10 ml/kg mouse weight (250 ml for an average 25-g mouse).
For intranasal administration, a drop of 2.5-ml solution was placed in one of the animal's nostrils with a P10 pipette. Once the animal had aspirated the drop into its nasal cavity, the process was repeated for the other nostril. Pups (P7 to P21) each received 2 × 1.25-ml drop.
T maze spontaneous alternation Mice were placed on the base of a T maze and were given the choice to explore either the right or left arm of the maze for 10 consecutive trials. Entry into an arm was registered once mice stepped with all four paws into the arm. At that moment, the gate to that arm was closed, and the animal was allowed to explore the arm for 5 s.
Grooming
Mice were individually caged, and the time spent grooming during a 10-min period after a 10-min acclimation was measured.
Hot plate test
Mice were placed on a heated plate (52.5°C), and the latency to paw withdrawal (up to 15 s) was measured.
Statistical analyses
Results are graphically presented as a box and whiskers plot. The whiskers extend from the minimum to the maximum value, and the box extends from the 25th to the 75th percentile. The median (50th percentile) is shown by a line, and the mean by a plus sign. One-or two-way ANOVA followed by Bonferroni post hoc tests in the case of multiple pairwise comparisons or Dunnett's test in the case of planned comparisons to a control as well as paired and unpaired two-tail Student's t test was used as indicated in each figure legend. F values, P values, and modified significance values after Bonferroni correction are presented in the figure legends. Data presentation and statistical analysis were performed with GraphPad software.
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